The matrix (M) protein of vesicular stomatitis virus inhibits both nuclear import and export. Here, we demonstrate that this inhibitory property is conserved between the M proteins from two other vesiculoviruses, chandipura virus and spring viremia carp virus. All three M proteins completely block nuclear transport of spliced mRNA, small nuclear RNAs, and small nuclear ribonucleoproteins and slow the nuclear transport of many other cargoes. In all cases where transport was merely slowed by the M proteins, the chandipura virus M protein had the strongest inhibitory activity. When expressed in transfected HeLa cells, active M proteins displayed prominent association with the nuclear rim. Moreover, mutation of a conserved methionine abolished both the inhibitory activity and efficient targeting of the M proteins to the nuclear rim. We propose that all of the vesiculoviral M proteins associate with the same nuclear target, which is likely to be a component of the nuclear pore complex.
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nucleocytoplasmic transport ͉ vesiculoviruses ͉ RNA transport T rafficking of macromolecules between the nucleus and the cytoplasm occurs through nuclear pore complexes (NPCs), large proteinaceous structures (Ͼ50 different proteins) that perforate the nuclear envelope. Many small molecules (Ͻ40 kDa) can diffuse through NPCs, but large molecules must be transported across NPCs via carrier-mediated and signal-dependent processes. Much of the import and export of molecules across NPCs involves the interaction of transport receptors with their cargoes, the RanGTPase, and components of the NPC (1, 2) .
Transport receptors, termed importins and exportins (or karyopherins), bind their appropriate cargoes directly or via specialized adaptor proteins (3) . Once these complexes have formed, movement through the NPCs proceeds by a process involving sequential interactions of the receptor-cargo complexes with docking sites on the nuclear pore proteins (nucleoporins). A number of nucleoporins, particularly those containing phenylalanine-glycine (FG) repeat motifs, have been shown to interact directly with transport receptors (4) . RanGTPase, which binds to transport receptors, plays a critical role in transport by promoting the association of cargo with export receptors as well as the dissociation of cargo from import receptors. Hydrolysis of RanGTP in the cytoplasm and regeneration of RanGTP in the nucleus sustains a gradient of RanGTP across the nuclear envelope, resulting in delivery of the transport cargoes to the appropriate cell compartments (5, 6) .
Carrier-mediated movement across NPCs can be blocked in a variety of ways. Inactivation of RanGTPase leads to a block of most nucleocytoplasmic transport (7) . Also, interference with the interactions between receptor-cargo complexes and nucleoporins inhibits nuclear transport. The lectin wheat germ agglutinin, which binds to O-glycosylated nucleoporins, blocks both import and export across NPCs (8) , and antibodies to Nup98 or Nup153, two FG repeat-containing components of the NPC, block the export of small nuclear RNAs (snRNAs) and mRNA (9, 10) . Likewise, the isolated nucleoporin binding domains of the transport factors importin ␤ and TAP inhibit the export of mRNA and snRNAs (11, 12) . This domain of importin ␤ is also an efficient inhibitor of protein import.
Infection of eukaryotic cells by viruses can affect the nucleocytoplasmic transport of host-cell proteins and RNAs (13) (14) (15) (16) . Previously, we and others have demonstrated that the matrix (M) protein of vesicular stomatitis virus (VSV) is a potent inhibitor of nuclear transport (16) (17) (18) . M protein, a structural component of VSV virions, blocks the nuclear export of snRNAs and spliced mRNAs as well as the nuclear import of small nuclear ribonucleoproteins (snRNPs) (16, 17) . This inhibition of nuclear transport requires that M protein be in the nucleus (17) . When expressed in transfected HeLa cells, a green fluorescent protein (GFP)-tagged M protein colocalized with antinucleoporin antibodies at the nuclear rim, whereas an inactive mutant of M protein, M51R, did not, suggesting that association with a component of the NPC is necessary for M activity (17) .
Here, we report that the M proteins of several vesiculoviruses, VSV, chandipura virus (CV), and spring viremia of carp virus (SVCV), share significant sequence similarity. All of these M proteins reduced the rate of nuclear transport of many cargoes and blocked transport of spliced mRNA, snRNAs, and snRNPs in Xenopus oocytes. We show that a hierarchy of inhibitory activities exists among the M proteins, with CV M protein being the strongest inhibitor of transport. In all cases, inhibition requires a conserved methionine, and the active M proteins associate efficiently with the nuclear rim, suggesting that the vesiculoviral M proteins interact with the same nuclear target, which is likely to be a component of the NPC. region was PCR amplified by using primers that contained SmaI restriction sites. The resulting PCR product was cut and ligated into the similarly cut pGEX vector. pEGFP-CV-M DNA was generated by subcloning the coding region of the CV M proteincontaining fragment from pGEX-CV-M into the pEGPF-C1 vector (CLONTECH). DNA encoding the SVCV M protein was obtained by PCR amplification of an SVCV cDNA library kindly provided by J. C. Leong (Oregon State University, Corvallis, OR). To generate pSP64poly(A)-SVCV-M, the resulting PCR product was cleaved with XbaI and SmaI and ligated to SmaI cut pSP64poly(A) DNA. To generate pGEX-SVCV-M, the SVCV M coding region was PCR amplified by using primers that contained EcoRI and BamHI restriction sites. The resulting PCR product was cut and ligated into the similarly cut pGEX vector. pEGFP-SVCV-M DNA was generated by subcloning the coding region of the SVCV M protein-containing fragment from pGEX-SVCV-M into the pEGPF-C1 vector.
All point mutations were generated by two-step PCR as described (17) . The mutations were introduced into the M genes in the pGEX-M vectors and then subsequently subcloned into the pEGPF-C1 vector. Mutations were confirmed by DNA sequencing.
Recombinant glutathione S-transferase (GST)-M proteins were prepared as described (17) .
In Vitro Transcription. DNA templates for in vitro transcription of U1, U1 Sm Ϫ , U5, and U6 snRNAs, U3 small nucleolar RNA (snoRNA), adenovirus major late mRNA, U6 RRE, ET202 RNA, and tRNA Met were generated as described (17, 24, 25) . The template for transcription of constitutive transport element (CTE) RNA (CTE 250 , MPMV nucleotides 8007-8240) is described (24, 26) . In vitro synthesis of [␣- 32 P]GTP-labeled RNAs was performed in 20-l reactions as detailed elsewhere (27) . For in vitro synthesis of poly(A)ϩ mRNAs encoding the various M proteins, plasmid DNAs were linearized with EcoRI and used in large-scale transcription reactions with SP6 polymerase according to the protocol of Promega. (28) . The nuclear and cytoplasmic fractions from such oocytes were analyzed as described (17) .
Analysis of RNA and Protein Transport in X. laevis Oocytes. Preparation and injection of X. laevis oocytes were as described (28) . Approximately 20 fmol of mRNAs encoding the various M proteins were injected into the cytoplasm Ϸ18 h before the injection of import or export substrates. In other experiments, purified GST-M proteins (10 nl at 100 g͞ml) were injected directly into the nucleus, as indicated.
RNA mixtures (15 nl) containing Ϸ5 fmol of 32 P-labeled import or export substrates were injected into either the cytoplasm or nucleus of oocytes, respectively. GST-Rev protein (10 nl at 100 g͞ml) was injected into the nuclei of oocytes. GST-SV40 nuclear localization signal (NLS)-GFP and GSTnucleoplasmin (NP) NLS-GFP were kindly provided by S. Adam (Northwestern University) and were injected (10 nl at 100 g͞ml) into the cytoplasm of oocytes. Blue dextran and U3 snoRNA were included in all injection mixtures as controls for injection and dissection accuracy. At the indicated time points, the oocytes were dissected into cytoplasmic and nuclear fractions and analyzed by PAGE followed by autoradiography or Western blotting as described (17) .
Antibodies and Western Blotting. Mouse monoclonal anti-GST and anti-GFP antibodies were from Amersham Pharmacia and Santa Cruz Biotechnology, respectively. For Western blot analysis, extracts of oocytes or HeLa cells were fractionated by SDS͞PAGE, and the proteins were transferred to Immobilon-P poly(vinylidene difluoride) membranes (Millipore). Membranes were probed with antibodies in TBS-T (10 mM Tris⅐HCl, pH 8.0͞150 mM NaCl͞1 mM EDTA͞0.25% Tween 20) containing 5% powdered milk. Immunofluoresence. To process cells for immunofluorescence, cells were either fixed with 2% paraformaldehyde for 15 min before permeabilization with 0.5% Triton X-100 or extracted first with 0.5% Triton X-100 for 3 min followed by paraformaldehyde fixation (17) . The activities of the GFP-M protein chimeras were determined after injection of the mRNAs encoding these proteins into oocyte cytoplasms.
Results
Sequence Comparison of the Vesiculoviral M Proteins. We showed previously that VSV M protein in the nucleus of X. laevis oocytes is a potent inhibitor of snRNA and spliced mRNA export and of snRNP import (17) . To discover other proteins that might have similar activity, we searched published databases for proteins with overall sequence homology to the VSV M protein. Significant similarities were detected (Fig. 1) between the M proteins of VSV and other sequenced vesiculoviruses including CV, SVCV, and piry virus (PV). Similar homologies have been noted by others (29, 30) . We detected no significant sequence similarities between the VSV M protein and cellular proteins.
Sequence comparison using the CLUSTALW alignment program showed that the vesiculoviral M proteins share 10.9% identity and 29% similarity (Fig. 1) . With respect to the M protein of VSV, the M proteins of CV, SVCV, and PV are 51.5%, 49%, and 49.8% similar. Sequence relatedness is highest between the M proteins from CV and PV (70.3%) and lowest between the M proteins from CV and SVCV (48%). The resemblance of the M proteins to one another encouraged us to test whether M proteins from other vesiculoviruses could inhibit nucleocytoplasmic transport.
The Vesiculoviral M Proteins Block Nucleocytoplasmic Transport of snRNAs, Spliced mRNA, and snRNPs. To express the vesiculoviral M proteins in Xenopus oocytes, DNAs encoding the M proteins of VSV, SVCV, and CV (PV cDNA was not available) were used as templates for in vitro synthesis of mRNAs. Upon injection into the cytoplasms of Xenopus oocytes, these mRNAs directed synthesis of 35 S-methionine-labeled proteins with molecular weights in the range expected ( Fig. 2A) . Like the VSV M protein, the SVCV and CV M proteins were present in both the cytoplasms and the nuclei of the oocytes. The overall incorporation of labeled methionine into CV M protein was lower than that of either VSV or SVCV M protein, although the three proteins have comparable numbers of methionines (Fig. 1) ; thus, CV M protein accumulates to a lower level, under these conditions.
The abilities of the vesiculoviral M proteins to inhibit nuclear export and import were assayed by using several types of transport cargoes. All three M proteins made in oocytes blocked nuclear export of both U1 snRNA and spliced adenovirus major late mRNA for at least 20 h (Fig. 2B) . Similarly, they all blocked export of the RNAs upon injection into oocyte nuclei as recombinant GST fusion proteins (see below, Fig. 4A ; data not shown). The M proteins also blocked the import of U1, U5, and U6 snRNPs, which use different import pathways (Fig. 2C) . Thus, the ability to inhibit nucleocytoplasmic transport is conserved between the M proteins of the vesiculoviruses.
The Vesiculoviral M Proteins Do Not Inactivate Transport Receptors.
The effect of the M proteins on additional transport cargoes was monitored to determine whether the M proteins block movement of snRNAs, spliced mRNAs, and snRNPs by disabling required transport receptors or factors. CRM1 is the receptor that is responsible for the export of both snRNAs and proteins containing leucine-rich export signals such as the HIV-1 Rev protein (31) . The factor TAP has been implicated in the export of both spliced mRNA and RNAs containing the CTE of Mason-Pfizer monkey virus (24, 26, 32, 33) . The import receptor importin ␤, in conjunction with cargo-specific adaptors, mediates import of both snRNPs and NLS-containing proteins (34, 35) .
The M proteins slowed, but did not block, the transport of other cargoes that use these transport receptors and factors. For example, CRM1-dependent export of Rev protein continued at a reduced rate in the presence of the M proteins (Fig. 3A Top) . Likewise, Rev-dependent export of U6 RNA containing the Rev-responsive element (U6 RRE) was only slowed by VSV M protein (Fig. 3A Middle) . TAP-mediated export of CTE RNA was slowed but not blocked by VSV and SVCV M proteins ( Fig.  3A Bottom) ; at early times, export of CTE RNA was also prevented by CV M protein (Fig. 3A Bottom) , but, because of the nuclear instability of CTE RNA, we could not determine whether export would have occurred at time points later than 8 h. Similarly, importin ␤-dependent import of proteins containing either canonical or bipartite NLSs was slowed but not blocked by each of the M proteins when injected into the nucleus as purified recombinant GST-fusion proteins (Fig. 3B) . The continued function of transport pathways dependent on CRM1, TAP, and importin ␤ shows that the block to transport snRNAs, spliced mRNAs, and snRNPs by the M proteins is unlikely to result from the inactivation of these nuclear transport receptors and factors.
A Hierarchy of Inhibitory Activities Exists Between the Vesiculoviral M
Proteins. Quantitative differences between the abilities of the vesiculoviral M proteins to inhibit transport became apparent when we assayed the movement of cargoes whose transport was slowed but not blocked (see Fig. 3 A and B) . These differences also were observed with the export of several other RNAs that use other transport receptors (25, 36, 37) . ET-202 is an artificial RNA molecule selected for its ability to be exported in the presence of the VSV M protein; it has been shown to be transported by a pathway distinct from tRNA export (25) . The rate of export of ET-202 RNA was affected more by the CV M protein than the VSV and SVCV M proteins (Fig. 3C Upper) . Similarly, VSV and SVCV M proteins made in the oocytes had only a very small effect on the export of tRNA i Met and tRNA Tyr compared with that of CV M protein (Fig. 3C Lower; data not shown). The potency of CV M protein was not simply due to increased amounts of proteins because the CV M protein accumulated to the lowest protein levels when expressed in oocytes (Fig. 2 A) . Thus, a gradient of inhibitory activities exists with the M protein of CVϾVSVϾSVCV.
Conservation of an Essential Methionine in the Vesiculoviral M Pro-
teins. As we demonstrated recently, the ability of VSV M protein to inhibit transport requires a methionine at position 51 (Met-51), and even a conservative change to leucine abolishes this inhibitory activity (17) . Because a methionine is present in comparable locations of all of the vesiculoviral M proteins (Fig.  1) , we tested whether these residues were functionally important by changing them to leucines in the context of the GST-M fusion programs are indicated below the alignment as alpha helices (H) and beta strands (E). * indicates a conserved methionine that is essential for the inhibitory function of the M proteins.
proteins. Upon injection into oocyte nuclei, none of these mutant proteins blocked snRNA export (Fig. 4A) , even though they were stable and distributed to both the nucleus and cytoplasm (data not shown). Thus, the same essential function is probably served by Met-51 of VSV, Met-31 of SVCV, and Met-54 of CV. Adjacent to the essential methionine in each of the M proteins is an acidic amino acid (Fig. 1) , and VSV M protein maintained its inhibitory activity when the aspartic acid was changed to glutamic acid (data not shown). We tested the importance of these residues in the context of GST-M fusion proteins by changing the charged amino acids to their respective amide amino acids or to alanine. Both VSV and SVCV M proteins were inactivated when this aspartic acid was neutralized (Fig. 4B) . In contrast, the M protein of CV appeared to be active when the acidic amino acid Glu-55 was neutralized by mutation to glutamine (data not shown) or alanine (Fig. 4B) . Because the CV M protein is such a potent inhibitor of transport, it is possible that a moderate decrease in activity might have escaped detection under our assay conditions. Active M Proteins Can Associate with the Nuclear Rim. Previously, we showed that in transfected HeLa cells the wild-type VSV M protein associates with the nuclear rim but an inactive mutant protein does not, suggesting that a component of the NPC is a target for the M protein (17) . Here, we monitored the intracellular localization of the different M proteins by transfecting HeLa cells with equivalent amounts of DNAs encoding the various wild-type and mutant GFP-M proteins (Fig. 5a ). The cells were either fixed directly with paraformaldehyde (Fig. 5a Upper) or treated with Triton X-100 before fixation ( Fig. 5a Lower); the latter treatment allowed for visualization of proteins associated with the nuclear rim. As we observed for GFP-tagged VSV M protein ( Fig. 5a; ref. 17) , GFP-tagged CV M protein was detected in the nucleus, in the cytoplasm, and at the nuclear rim Eighteen hours later, nuclear (N) and cytoplasmic (C) extracts were prepared, and 0.5 oocyte equivalents of protein were analyzed by SDS͞PAGE followed by autoradiography. Note that the mobility of the VSV M protein is reduced because of the presence of a 6ϫ histidine tag. (B and C) RNA export and import. Oocytes were preinjected with M protein mRNA of VSV, SVCV, and CV into the cytoplasm, and 16 h later the indicated 32 P-labeled RNAs were injected into either the nuclei (B) or cytoplasms (C). Upon further incubation, oocytes were dissected; RNAs were isolated from nuclei (N) and cytoplasms (C) fractions, and 0.5 oocyte equivalents of each were separated by electrophoresis on 8% denaturing polyacrylamide gels and detected by autoradiography. The time points for oocyte dissection were 1, 3, and 22 h (B) and 24 h (C). Fig. 3 . The vesiculoviral M proteins slow, but do not block, multiple transport pathways. (A) Nuclear export. mRNAs encoding M proteins of VSV, SVCV, and CV were injected into the cytoplasm of oocytes, and 16 h later the indicated recombinant proteins or 32 P-labeled RNAs were injected into the nuclei. At the indicated times, nuclear (N) and cytoplasmic (C) fractions were isolated, and the RNAs (U6 RRE or CTE) or proteins (GST-Rev) were separated by electrophoresis. The U6 RRE (Middle) and CTE (Bottom) RNAs were detected by autoradiography. GST-Rev (Top) protein was visualized by Western blotting with ␣GST antibody. Export of GST-Rev protein was monitored 1 and 3.5 h (Top) after being injected. U6 RRE RNA export was monitored at 1 and 4 h after RNA injection (Middle). Export of CTE RNA was monitored 4 and 8 h after RNA injection (Bottom). Note that by 8 h, most of the CTE RNA in the nucleus was degraded. (B) Nuclear import. Recombinant GST-tagged M proteins of VSV, SVCV, and CV were injected into the nucleus of oocytes, and 1 h later either GST-SV40 NLS-GFP (Upper) or GST-NP NLS-GFP (Lower) protein was injected into the cytoplasm. At 1, 4, and 24 h later, nuclear and cytoplasmic extracts were prepared and analyzed by SDS͞PAGE followed by Western blotting with ␣GST antibody. (C) Nuclear Export. Export of 32 ( Fig. 5d) . In contrast, GFP-tagged SVCV M protein was not found at the nuclear rim (data not shown); however, this fusion protein was inactive as an inhibitor of RNA export in oocyte assays (data not shown), indicating that the GFP tag interferes with the function of the SVCV M protein.
Consistent with our previous report, the distributions of all GFP-tagged inactive mutant proteins (Fig. 5 b, c , and e) derived from the VSV or CV M proteins differed from those of the active proteins (Fig. 5 a, d , and f ) in that they did not exhibit a readily detectable association with the nuclear rim. Upon extraction with Triton X-100, differences between active and inactive M proteins were more pronounced, with active M proteins displaying prominent nuclear rim association (Fig. 5 g, j, and l) . In contrast, only small amounts of the inactive M proteins could be detected at the nuclear rim (Fig. 5 h, i, and k) , even though the inactive M proteins were present in Ϸ10-fold higher amounts, as assayed by Western blotting (data not shown). These results suggest that the inactive M proteins display a greatly reduced affinity for a component of the nuclear rim. Thus, prominent association with the nuclear rim correlates with the inhibitory activities of all three M proteins.
Discussion
We have shown that the M proteins of three different vesiculoviruses: CV, VSV, and SVCV, slow the transport of several cargoes and completely block transport of snRNAs, spliced mRNAs, and snRNPs. It is likely that all three M proteins recognize the same intranuclear target because each M protein loses its ability to block nuclear transport when a conserved methionine residue is mutated. Moreover, prominent association of the M proteins with the nuclear rim correlates with their inhibitory activities, suggesting that the nuclear target of the vesiculoviral M proteins is likely to be a component of the NPC.
We previously proposed that an essential methionine in VSV M protein, Met-51, is important for interaction with its target (17) . The M proteins of CV and SVCV have methionines in comparable locations, and all three proteins are inactivated by substitution of the methionine with leucine (Fig. 4A) . These methionine residues are in regions predicted to form loop or turn structures (Fig. 1) , and in VSV M protein this amino acid contributes to the epitope that is recognized by a mAb capable of reversing transport inhibition (17) . In the case of CV M protein, an adjacent methionine residue (Met-53) is unable to compensate for mutation of the essential methionine (Met-54), demonstrating that precise positioning of this residue is required for inhibitory activity.
The functional target of the M proteins remains to be identified. Active GFP-tagged M proteins associate prominently with the nuclear rim, whereas the inactive mutant proteins do not ( Fig. 5; ref. 17) . Recently, it was reported that the target of the VSV M protein is the nucleoporin Nup98, but a direct, functional association was not demonstrated, and some M protein was -c, g-i) or CV (d-f, j-l) were transfected into HeLa cells. Then, 24 h later the cells were either fixed with formaldehyde (a-f ) or extracted with 0.5% Triton X-100 before fixation (g-l) and visualization by fluorescence microscopy. To capture the images in g-l, identical camera settings were used. In a-f, the camera setting was set to auto exposure to obtain a comparable signal for the active and inactive M proteins because the inactive M proteins are expressed at levels that are Ϸ10-fold higher.
observed at the nuclear rim even in cells lacking Nup98 (18) . Our identification of two additional M proteins, from CV and SVCV, that are likely to interact with the same nuclear target should aid in the detection of the NPC-associated target.
The different M proteins display a hierarchy of inhibitory activities, with the order from the most to the least effective being the M protein of CV, VSV, and SVCV (Fig. 3) . Our sequence comparison of the M proteins supports this observed hierarchy; the M protein from CV is more closely related to VSV M protein than to SVCV M protein. The resemblance in the sequences of the M proteins of CV and PV, including the essential methionine residue, leads us to predict that the PV M protein also is a strong inhibitor of nuclear transport. Because it is likely that all three M proteins interact with the same nuclear target, we propose that differences in the affinities of the M proteins for this target contribute to their hierarchy of inhibitory activities.
The observation that export of tRNA i Met is sensitive to inhibition by the M protein of CV (Fig. 3C) was unexpected, as we previously had not observed inhibition of tRNA i Met export by the M protein of VSV (16, 17) . In the experiments presented here, we observed a slowing of tRNA i
Met export in the presence of the M proteins of VSV and SVCV at very early times after tRNA i Met injection (Fig. 3C , compare VSV and SVCV columns with the control column). Thus, the rate of transport of all cargoes whose movement we have monitored can be slowed to some extent by the M proteins. The effect on the rate of tRNA transport by CV M protein became even more apparent when we monitored export of tRNA Pro (J.M.P., unpublished data), a tRNA that normally is exported more slowly than tRNA i Met (C. R. Trotta, personal communication). Thus, sensitivity to inhibition by the M proteins may be affected by the efficiency with which a cargo is transported.
The question arises as to why the M proteins block transport of snRNAs, spliced mRNAs, and snRNPs, but only reduce the rate of transport of other cargoes, even when the same transport receptors or factors (CRM1, TAP, and importin ␤) are used. We note that all of the cargoes whose transport is blocked are large multiprotein͞RNA complexes. Thus, the M proteins might block transport by influencing the size and͞or flexibility of the NPCs, thereby setting an upper limit on the size of complexes that can be accommodated. Alternatively, because the M proteins slow both import and export, they would exert a compound effect when transport of the cargo requires regeneration of a pool of shuttling adaptors. For example, the M proteins could affect snRNA and spliced mRNA export both directly by inhibiting export per se and indirectly by slowing the reimport of the shuttling adaptor proteins.
It is curious that several different vesiculoviruses, all of which replicate in the cytoplasm, retain the ability to inhibit nucleocytoplasmic transport. One consequence of inhibiting both import and export might be the reduction of the host cell's ability to produce interferons in response to viral infection, thereby allowing more productive viral replication. In addition, inhibition of cellular mRNA export could lead to increased amounts of ribosomes available for the translation of viral mRNAs. Whatever the reason for the conservation of this function within the vesiculoviral M proteins, these proteins promise to be valuable tools in our study of nucleocytoplasmic transport.
